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The microscopic characterization of the distribution of formation water
in tight gas reservoirs has always been one of the challenges in the
industry. The traditional nuclear magnetic resonance method has certain
limitations in characterizing the microscopic distribution of formation water.
Thermogravimetric analysis can correlate with mass, and combined with
nuclearmagnetic resonance spectra, it can further optimize the characterization
method for the microscopic distribution of formation water. Multiple tight
sandstone gas reservoirs are vertically developed in the Shenfu Block of
the Ordos Basin. Due to the strong heterogeneity of the reservoir, given
the complexity of the characterization of the microscopic occurrence
law of formation water, the typical argillaceous tight sandstone reservoirs
Qian 5 and Tai 2 members are selected as the research objects. The
distribution characteristics of the microscopic formation water of the tight
gas reservoir in the Shenfu block were quantitatively characterized by the
thermogravimetric method using dry distillation experiment, nuclear magnetic
resonance experiment, and displacement experiment. The results show that
35°C is the boundary temperature between free water and microporous water.
According to the characterization of various types of water occurrence in
clay and tight sandstone by thermogravimetric experiment, free water below
35°C, microporous water (including capillary water and adsorbed water on
the surface of mineral particles) in the range of 35°C–427°C, and clay-bound
water (crystal water, structural water/carboxyl water) above 427°C. The type of
water occurrence in tight sandstone is consistent with that of clay minerals,
but the amount of water occurrence and water loss rate are different. From
the perspective of water occurrence, microporous water is typically the most
abundant form, while in terms of water loss rate, free water generally exhibits
the highest rate. The full-scale quantitative study of micro-formation water
distribution in tight gas reservoirs based on the thermogravimetric method has
important guiding significance for solving the accurate characterization of water
saturation logging in tight gas reservoirs, and enriches the understanding of the
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occurrence characteristics and laws of micro-formation water in tight gas
reservoirs.

KEYWORDS

clay minerals, tight sandstone, thermogravimetric method, free water, microporous
water, clay bound water

1 Introduction

Ordos Basin is the first gas-producing basin in China, and
unconventional tight gas is the focus of natural gas exploration
and development as the main gas-producing layer. The Shenfu
area is located in the eastern margin of the Ordos Basin.
The exploration practice shows that there are many sets of
vertically superimposed tight sandstone gas reservoirs in the Upper
Paleozoic strata in this area, and the distribution characteristics
of gas and water are complex (Jiang et al., 2015; Tian et al.,
2023; Tan et al., 2022). The occurrence of formation water
is closely related to the distribution, migration, accumulation,
and preservation of natural gas. The relationship between gas
and water is a difficult and focused problem in natural gas
exploration and development (Zhou et al., 2018; Liu et al., 2013).
Tight gas reservoirs have strong heterogeneity, complex rock
mineral types and pore structures, and complex micro-occurrence
characteristics of formation water. Quantitative characterization
of micro-water in pores can improve the accuracy of reservoir
water saturation characterization, which has important guiding
significance for understanding gas-water relationships and natural
gas development (Li et al., 2019). However, the complexity of
the microscopic occurrence characteristics of formation water
also poses a challenge to the classification, identification, and
characterization of formation water types.

From the perspective of the occurrence space of formation
water, scholars mostly divide formation water into free water,
capillary water, and bound water (Dou et al., 2010; Wang et al.,
2025). Based on the comprehensive trial production data, Wu
Hao et al., used gas drive water, nuclear magnetic resonance,
mercury injection and other analytical methods to systematically
study the occurrence characteristics of mountain layer water and
the distribution law of gas and water in the northern section
of Tianhuan Depression (Wu et al., 2020). Combined with the
occurrence state of formation water, formation water can be
divided into free water, capillary water, adsorbed water, and clay
water (Dou et al., 2010; Wang et al., 2012; Zhang et al., 2011).
The occurrence of clay water is more complex, including free
water, adsorbed water, and structural water (Wang et al., 2020;
Handwerger et al., 2012). The adsorbed water can be divided
into strong bound water and weak bound water. The strong
bound water is essentially crystalline water. The weak bound
water belongs to the adsorbed water on the surface of clay
minerals, including water molecules, condensed water, capillary
water, and water film that occur in the interlayer spacing,
intergranular pores, intercrystalline pores, and particle surfaces
of clay minerals (Li et al., 2018). Anisotropy and adsorption
deformation also have significant impacts on the microscopic
distribution of formation water. However, the relevant research
results are mainly concentrated in the field of new energy, while

they are relatively scarce in the field of petroleum and natural
gas. This also indicates that this research has certain practical
significance (Wang et al., 2025).

Wang et al. used thermogravimetric method to quantitatively
determine the type, boundary and relative content of bound
water in hydrated clay, and compared it with the isothermal
adsorption results (Cheng and Heidari, 2017). Handwerger
et al. determined the thermal weight loss curve of shale by
distillation and thermogravimetric method, and determined
the temperature peak range of free water, loosely bound clay
water (including capillary/interlayer water), and structural
water/hydroxyl water (Handwerger et al., 2012). Meanwhile, clay
minerals, especially chlorite, have a significant impact on the
properties of rocks. Not only in the petroleum field, but also
in the microscopic characterization of porous media, chlorite
has achieved certain results, especially in the aspect of the
influence of chlorite waste on the properties of magnesium
oxychloride cement (Xu et al., 2025). Combining various means,
the thermogravimetric method can quantitatively characterize clay
water on the basis of full-scale quantitative characterization of
formation water, which is of great significance to solve the problem
of deviation of water saturation logging characterization in tight gas
reservoirs.

In this paper, the tight sandstone reservoirs of the Qian 5 and
Tai 2 sections of the Shenfu block in the easternmargin of the Ordos
Basin are taken as the research object. Using retorting experiments,
nuclear magnetic resonance experiments and displacement
experiments, the microscopic formation water distribution of tight
gas reservoirs in the Shenfu block is systematically and quantitatively
studied to solve the problem of unclear understanding of the
microscopic water occurrence characteristics of reservoirs and
provide theoretical guidance for the exploration and development
of tight sandstone gas.

2 Materials and methods

2.1 Sample information

The samples were taken from the Shiqianfeng Formation
and Taiyuan Formation in the Shenfu block of the eastern
margin of the Ordos Basin. They belong to the northern part
of the Jinxi flexural fold belt, a secondary structural unit of
the Ordos Basin. They are located in Shenmu City, Shaanxi
Province. The Shenmu gas field is adjacent to east of the
Lvliang Mountain, and has the characteristics of complex
landforms and structural conditions. There are various types of
gas reservoirs, and low-resistivity gas reservoirs are developed
(Zhao et al., 2024; Ren et al., 2020). The porosity of 11 fresh
tight sandstones is between 3.3% and 7.7%, with an average of
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TABLE 1 Sample properties.

Well number Sample number Horizon Depth/m Porosity/% Permeability/mD

S-1 13A qian-5 member 1,434.89 3.3 0.475

S-1 13B qian-5 member 1,434.89 3.5 0.431

S-1 4A qian-5 member 1,486.53 6.7 2.528

S-1 5A qian-5 member 1,486.65 7.7 2.446

S-1 10A qian-5 member 1,487.87 6.4 2.16

S-1 12A qian-5 member 1,487.94 7.7 0.172

S-1 14A tai 2 member 1,934.70 6.2 0.026

S-1 15A tai 2 member 1,941.13 6.5 0.050

S-1 16A tai 2 member 1,941.69 4.0 0.408

S-1 17A tai 2 member 1,941.89 4.1 0.18

S-2 15B tai 2 member 2,021.71 6.3 0.046

5.7%. The permeability is between 0.0260 mD and 2.528 mD,
with an average of 0.811 mD. The overall physical properties
of the reservoir are poor. The basic information of the samples
is shown in Table 1.

The reservoir sandstone of Shiqianfeng Formation is mainly
composed of coarse-grained feldspathic lithic sandstone, and the
interstitial material is mainly argillaceous. The Taiyuan Formation
is mainly coarse-medium-grained feldspathic lithic sandstone. The
interstitial material is mainly siderite, followed by argillaceous and
iron calcite. The clay minerals in the two sets of strata are relatively
developed. The pore types are mainly intergranular dissolved pores
and intragranular dissolved pores. The pores are filled with clay
minerals, mainly silk-like illite and scaly kaolinite (Figure 1). Pores
and clayminerals are important spaces and places for the occurrence
of micro-water in rocks.

2.2 Experimental methods

In order to obtain the quantitative distribution characteristics
of microscopic formation water in tight gas reservoirs, the
retorting experiment, nuclear magnetic resonance experiment,
and displacement experiment were used to quantitatively test the
microscopic water in different occurrence states of tight sandstone.
All experimentswere carried out in theCNOOCEnergy Technology
& Services Limited Key Laboratory for Exploration & Development
of Unconventional Resources.

2.2.1 Retorting experiment
The highest test temperature can reach 800°C, and the

measurement accuracy can reach 0.001 mL. The experimental
temperature is set at 35°C, 40°C, 60°C, 90°C, 116°C, 150°C, 201°C,
260°C, 316°C, 370°C, 427°C, 482°C, 538°C, 649°C, 700°C, and the
maximum temperature of clay minerals is set at 1,000°C.

(1) In order to determine the relationship between the weight
percentage of rock samples and the retorting time, the
experimental steps are as follows:
a. Fresh, tight sandstone samples were selected, and the wet

weight of the samples was measured.
b. The experimental temperature was set to 40°C, 60°C, 90°C,

116°C, 150°C, 201°C, 260°C, 316°C, 370°C, 427°C, 482°C,
538°C, 649°C, 700°C.

c. The weight of the sample was measured at 1 h, 2 h, 3 h, 4 h,
5 h, 6 h, 7 h, and 8 h at each temperature.

d. Data processing.
(2) In order to study the variability of the temperature

point of movable water saturation, the experimental steps
are as follows:
a. First, saturated simulated saturated formation water,

weighing the weight of the rock sample after saturation,
scanning the nuclear magnetic resonance spectrum in the
saturated state, and then creating bound water for the core,
weighing the weight of the rock sample in the bound water
state, scanning the nuclear magnetic resonance spectrum.

b. The second simulation of saturated formation water is
carried out on the rock sample, and the weight of the
saturated rock sample is measured.

c. The rock samples were dried at 35°C, 40°C, 60°C, and
90°C, respectively, and the weight of the samples at each
temperature point was measured.

d. The formation water saturation and free water
saturation are calculated and compared with the results
of step a.

2.2.2 Nuclear magnetic resonance experiment
The model of the nuclear magnetic resonance analyzer is

MesoMR23-040H-I, the maximum frequency of the RF pulse is
23 MHz, the minimum echo interval is 0.12 m, and the maximum
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FIGURE 1
The microscopic characteristics of rocks: (a) 1485.76m, Shiqianfeng Formation, developing intragranular dissolved pores; (b) 1942.02m, Taiyuan
Formation, developing intergranular and intragranular dissolved pores; (c) 1481.00 m, Shiqianfeng Formation, inter-granular pores filled with
filamentous illite; (d) 1935.26m, Taiyuan Formation, intergranular pores filled with scaly kaolinite.

number of echoes is 18,000 times. The nuclear magnetic resonance
experiment was used to test the content and occurrence of water in
clay minerals and tight sandstone samples at different temperature
points and different thermal weight loss states during the retorting
experiment.

2.2.3 Displacement experiment
The displacement experiment was carried out on a

multifunctional displacement instrument. The displacement gas
was nitrogen with a purity of 99.999%. The simulated formation
water saturated with the sample was prepared according to the
formation water analysis data. In order to avoid the evaporation
of water in the process of displacement, the high-purity nitrogen
is humidified, and constant temperature control is carried out
indoors. Firstly, the rock sample is pretreated, the formation water
is saturated, and the saturated wet weight is weighed. Then the
rock sample is put into the core holder, and the displacement
pressure is set according to the core’s physical properties. The core
was taken out every 4 h for weighing until the amount of water
expelled by gas no longer increased.

3 Results and discussion

3.1 Quantitative characterization
parameters of free water saturation

3.1.1 Free water saturation retorting time
In the experiment, seven fresh tight sandstone rock sampleswere

retorted for 8 h at 40°C to determine the variation characteristics
of free water content. From the relationship between the weight
ratio of rock samples and the retorting time (Figure 2), it can be
seen that after 4 h of retorting, the weight of rock samples decreases
slowly, and continues to heat, its weight remains unchanged.
From the relationship between the weight ratio of rock samples
and the retorting time after retorting of 7 fresh samples at
40°C–700°C (Figure 3), it can be seen that under the conditions of
40°C, 60°C and 90°C, retorting for 8 h, the sample reaches a constant
weight state, and under the conditions of 116°C, retorting for 6 h, the
sample reaches a constant weight state, and under the conditions of
the remaining stable points, retorting for 4 h, the sample reaches a
constant weight state. According to the comprehensive experimental
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FIGURE 2
The relationship between weight ratio of sample and time at constant temperature of 40℃.

FIGURE 3
The relationship between weight ratio of fresh tight sandstone and drying time between 40℃ and 700℃.

results, after 4 h of retorting at each temperature, the decrease in the
weight of the rock sample slows down, and the weight of the sample
remains unchanged after continuous heating.The retorting time can
be used as the basis for the thermal weight loss of the retorting
experimental samples under high temperature conditions.

3.1.2 Free water saturation retorting temperature
Four tight sandstone cores were selected for the free water

saturation retorting temperature determination experiment. The

comparison between the retorting water saturation and the NMR-
displacement water saturation test results at different temperatures
showed that (Table 2), the free water saturation tested by the
retorting method at 35°C was in good agreement with the free water
saturation tested by the NMR-displacement method. The error is
between 0.2% and 2.1%, and the average error is 1.1%. Therefore,
the free water saturation determined at 35°C is more accurate.

In order to further verify the reliability of the experimental
method, 8 artificial cores without clay minerals were selected to
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TABLE 2 Nuclear magnetic resonance-dry distillation free water saturation data.

Well number Number of sample Free water saturation
(NMR-displacement method)/%

Free water saturation (dry
distillation)/%

35°C 40°C 60°C 90°C

S-1 12A 4.4 6.0 26.7 33.6 54.9

S-1 14A 23.7 25.8 40.2 43.4 52.4

S-1 15A 23.7 23.5 42.6 46.4 56.6

S-2 15B 14.7 14.1 45.2 51.0 63.4

TABLE 3 Basic physical property data of artificial cores and test results of free water saturation.

Number of
sample

Porosity/% Permeability/mD Free water
saturation by

nuclear magnetic
method/%

Free water
saturation by

retort method at
35°C/%

Absolute
deviation/%

1A 27.9 1,136 85.3 84.9 0.4

1B 27.9 1,076 81.1 79.1 2.0

2A 24.4 163 83.2 86.7 −3.5

2B 24.3 160 81.5 77.9 3.6

3A 33.6 225 85.0 87.4 −2.4

4A 7.7 0.0848 58.4 56.1 2.3

4B 7.8 0.254 66.3 69.5 −3.2

5B 27.4 996 80.1 76.4 3.7

compare the freewater saturation of theNMR-displacementmethod
with that of the retorting method. The test results show that the
absolute deviation of the free water saturation tested at 35°C is
between 0.4% and 3.7% compared with the free water saturation
of the NMR-displacement method (Table 3), and the test results
are more accurate. The linear fitting results show that the free
water saturation measured by the dry distillation method has a
good correlation with the permeability (Figure 4), which verifies the
rationality of selecting 35°C as the boundary temperature of free
water saturation.

3.2 Quantitative characterization of
thermal weight loss of clay minerals

3.2.1 Thermogravimetric curve characteristics of
clay minerals

Tight sandstone gas reservoirs have a certain content
of clay minerals, and their formation water occurrence and
quantitative test have important reference significance for reservoir
water cut characteristics. According to the research results of
D.A.Handwerger et al. (2012), 110°C is the temperature boundary

point of free water and bound water, 316°C is the temperature
boundary point of clay weakly bound water and crystal water,
and 537°C is the temperature boundary point of crystal water
and structural water/carboxyl water. The content of free water in
montmorillonite is high, and the content of free water (including
capillary water), bound water, and clay-bound water is equivalent.
In illite, kaolinite, and chlorite, the content of clay-bound water is
the highest, the proportion can reachmore than 80%, and free water
is almost negligible (Figure 5). It should be noted that in this study,
the loss of water due to the special crystal structure of clay minerals
was not taken into account.

Based on the previous research results on the occurrence
characteristics of formation water, the author comprehensively
considers the microscopic occurrence state and spatial
characteristics of formation water, and divides the formation
water in the rock into free water, microporous water (including
capillary water, adsorbed water on the surface of mineral
particles) and clay bound water (including crystal water, structural
water/carboxyl water). Capillary water can flow under certain
displacement pressure, and adsorbed water on the surface
of mineral particles belongs to the category of bound water
(Wang et al., 2024).
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FIGURE 4
The relationship between free water saturation and permeability of artificial cores.

FIGURE 5
The relative clay content and water loss at different temperatures (Handwerger et al., 2012)

Four kinds of pure clay minerals were selected as the
research object to carry out the thermogravimetric experiment.
Thermogravimetric experiments and nuclear magnetic resonance
experiments (Figures 6, 7) showed that the weight loss curves of
montmorillonite, illite, chlorite, and kaolinite were significantly
different. The total water loss of illite and kaolinite was small, and
the weight loss of the sample was less than 2%, about 1.5%. The
contribution of water loss was small.The two temperature inflection

points were around 90°C and 600°C. There was a certain amount
of free water and capillary water in the sample, and the proportion
of clay-bound water was large. The nuclear magnetic resonance
spectrum showed the same law. There was obvious water loss in
the range of 40°C–90°C, and the water loss of the sample between
90°C–600°C was small.

The water loss of chlorite and montmorillonite is large, and
the curve decreases greatly. The curve can be divided into four
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FIGURE 6
Characteristic curve of thermal loss on clay minerals.

FIGURE 7
Nuclear magnetic resonance T2 spectra of clay minerals at different temperatures.

intervals and four inflection points (Figure 6). The first inflection
point is about 35°C; below 35°C is free water in clay; the second
inflection point is about 90°C. The weight of the sample at this

point decreases after dehydration, and the curve is gentle, but the
overall decrease is small, mainly composed of capillary water. The
third inflection points of chlorite and montmorillonite are 500°C
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FIGURE 8
Thermal gravimetric experiment results of tight sandstone samples.

and 427°C, respectively, and the fourth inflection points are 600°C
and 575°C, respectively. The samples at the second inflection point
and the third inflection point almost did not lose water, and there
was little adsorbed water on the surface of clay mineral particles in
clay, which was related to the little development of pure clay mineral
pores. The water loss between the third inflection point and the
fourth inflection point is the largest. This part of the water is mainly
the crystal water in the clay-bound water, which is the main water
loss interval. The water loss of montmorillonite is small after the
fourth inflection point, and the water loss of chlorite is obvious after
the fourth inflection point. This part of the water is the structural
water/carboxyl water in the clay-bound water. The NMR spectra
at different temperatures showed that the water loss was consistent
with the thermogravimetric curve (Figure 7).

3.2.2 Thermal weight loss law of clay minerals
Based on previous studies, combined with the clay mineral

thermogravimetric experiment carried out in this paper, it is
considered that the total water loss of illite and kaolinite is small,
which has little effect on the water saturation of rock. Chlorite and
montmorillonite have an obvious influence on the water saturation
of rock. 35°C is the boundary between free water and capillary
water, and 90°C is the boundary between clay interlayer water
and capillary water in clay. Combined with the curve shape and
water loss, 435°C is defined as the boundary between clay adsorbed
water and clay-bound water, that is, the temperature boundary
between microporous water and clay-bound water. The capillary
water content in clay is very small, and the clay-bound water is the
main component of water in clay. From the curve shape, 604°C is the
boundary between crystalline water and structural water/carboxyl
water. According to the classification of water in clay, it is generally
consistent with the classification of free water, microporous water
(including capillary water, adsorbed water on the surface of mineral

particles), and clay-bound water (including crystal water, structural
water/carboxyl water) (Liu et al., 2022).

3.3 Quantitative characterization of
thermal weight loss of tight sandstone

3.3.1 Thermal weight loss curve characteristics of
tight sandstone

Four fresh, tight sandstone samples were selected to carry out
thermogravimetric experiments. The results show that the core
water loss curve is divided into four intervals and three inflection
points (Figure 8). Combined with the nuclear magnetic resonance
spectrum (Figure 9), the core is below 35°C. The water lost in the
pores is mainly free water, which can flow and volatilize at room
temperature. When the rock is above 35°C, the water loss rate of
the rock decreases. It can also be seen from the nuclear magnetic
resonance spectrum that thewater saturation in the pores is the same
as the irreducible water saturation under the condition of 35°C. In
the range of 35°C–90°C, the water loss rate of rock is higher than
that of the post-heating stage and lower than that of the movable
water stage, but the proportion of water loss is the largest. When
the temperature reaches 90°C, the spectral peak of the macropore
part in the T2 spectrum almost disappears.This part of water mainly
occurs in the capillary of the rock and can be produced from the
core under greater pressure. It mainly occurs in capillary pores or
micropores, which are capillary water and belong to microporous
water. When the temperature of the dry distillation experiment is
in the range of 90°C–427°C, the water loss rate of the rock is lower
than that of the previous stage. At this stage, there is almost no water
loss in clay, but there is still a certain amount of water content in
rock pores. It can also be seen from Figure 9 that there is obvious
water loss in this stage. The water in this stage is mainly water
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FIGURE 9
NMR T2 spectra of tight sandstone samples at different temperatures.

molecules adsorbed on the surface of mineral particles, which can
be called adsorbed water on the surface of mineral particles, and it
is also a kind of microporous water. When the temperature of the
retorting experiment is above 427°C, the water loss curve of the
rock shows a significant downward trend, and the water loss rate
is obvious. From Figure 9, the peak area of the T2 spectrum in this
stage is small, the peak value is low, and the water content is small.
When the temperature continues to rise, the carboxyl water in the
clay is difficult to characterize by the nuclear magnetic resonance
T2 spectrum (Chen et al., 2020).

3.3.2 Thermal weight loss law of tight sandstone
There is a high degree of consistency in the water loss law of

different tight sandstone samples under the condition of thermal
weight loss. The temperature inflection point and the curve decline
trend interval are obvious, the water loss range is large, and the
water loss is large, which indicates that the tight sandstone is in
the whole temperature stage or a different occurrence space. From
the quantitative distribution of formation water types, microporous
water is higher than free water, and free water is higher than clay
water. From the perspective of water loss rate, free water is greater
than clay water, and clay water is greater than microporous water.

According to the results of the thermogravimetric experiment of
clay minerals, when the experimental temperature is above 427°C,
the water loss rate and water loss of clay minerals are large, which
is consistent with the characteristics of the water loss curve of the
rock at this stage. This shows that the water content in the rock

measured in the temperature range above 427°C is mainly clay
bound water content.

In a word, the study did not fully account for the impact of clay
minerals’ unique crystal structures (e.g., chlorite’s high-temperature
dehydration) on thermogravimetric results. Experimental samples
(pure minerals and limited cores) inadequately represented real
reservoir complexities like mixed clay assemblages and pore
structures. NMR characterization also failed to detect carboxyl
water above 427°C. In the future, corrective models for structural
water effects will be developed. Experiments will expand to
reservoir-realistic samples with mineral heterogeneity. Advanced
characterization techniques will be integrated to overcome high-
temperature water detection limitations. Ultimately, quantitative
links between thermogravimetric parameters and reservoir
properties will be established for improved logging interpretation.

4 Conclusion

(1) The quantitative characterization of free water revealed a
temperature-dependent dehydration mechanism: retorting
durations significantly decreased with increasing temperature
(8 h below 90°C, 6 h at 116°C, and 4 h at ≥ 150°C), governed
by the kinetics of water desorption and bond dissociation.

(2) The total water loss of illite and kaolinite is small, and the total
water loss of chlorite and montmorillonite is large. According
to the characterization of various types of water occurrence
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in clay and tight sandstone by thermogravimetric experiment,
free water below 35°C, microporous water (including capillary
water and adsorbed water on the surface of mineral particles)
between 35°C and 427°C, and clay bound water (crystal water,
structural water/carboxyl water) above 427 °C.

(3) Optimal free water saturation measurement requires retorting
at 35°C. This temperature yields results most consistent
with NMR-displacement method data, with minimal error
(average 1.1%, range 0.2%–3.7%). Validation across natural
and artificial cores confirms 35°C as the reliable boundary
temperature for accurate free water quantification in tight
sandstones.

(4) The occurrence type of water in tight sandstone is consistent
with clay minerals, but the occurrence and loss of water
are different. From the perspective of water occurrence,
microporous water is higher than free water, and free water is
higher than clay water. From the perspective of water loss rate,
free water is greater than clay water, and clay water is greater
than microporous water.
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